The influences of early changes in essential fatty acid deficiency on the structure and metabolism of lung phosphatidylcholine were studied. In addition to general characteristics observed due to essential fatty acid deficiency such as significant decreases in linoleate and arachidonate, and concomitant increases in oleate and eicosatrienoate, a pronounced decrease in palmitate was noted in lung phosphatidylcholine, particularly in the 2-position. The decrease of palmitate in lung phosphatidylcholine was due to a similar decrease in disaturated classes, particularly in the dipalmitoyl species. These structural changes in phosphatidylcholine were found to be more significant in alveolar wash than in lung parenchyma and lamellar body fractions. The specific activities of phosphatidylcholine and its disaturated classes in lung parenchyma and alveolar wash were significantly lower in the deficient state than in the controls at 2, 6, and 12hr after the injection of [9,10-3H]palmitate. However, relatively more of the phosphatidylcholine in the deficient state appeared in the alveolar space, disappearing more rapidly from the alveolar space than did the phosphatidylcholine in the controls. These results suggest that dietary linoleate may be a factor in regulating the amount of disaturated phosphatidylcholine in the lung, a principal component of lung surfactant, and also a factor in controlling the metabolism of alveolar phosphatidylcholine. Keywords essential fatty acid deficiency, phospholipid, lung, dipalmi toyllecithin linoleate and arachidonate (1). These qualitative changes in lipids may produce some changes in the physicochemical properties of the membranes (2) and metabolic changes in various tissues (2, (3) (4) (5) (6) (7) (8) (9) . In the liver, deficient rats have an increased capacity for phospholipid (5-7) and fatty acid synthesis (3, 4). Structural changes in lung phosphatidylcholine due to essential fatty acid deficiency were first noticed by Kyriakides et al. (10), who reported that, in addition to the general characteristics of fatty acid patterns commonly observed in the tissues of essential fatty acid-deficient animals, there is a significant decrease in the palmitate content of lung lavage phosphatidylcholine due to a significant decrease in disaturated phosphatidylcholine. They suggested that this decrease in disaturated phospha tidylcholine in the lung is mainly due to a significant decrease in the rate of se cretion and turnover of lung lavage phosphatidylcholine (11). It is well known that dipalmitoyl phosphatidylcholine is a principal component of lung surfactant (12). Since a significant decrease of dipalmitoyl phosphatidylcholine in the alveolar space brings about a decrease in surface activity and finally, severe respiratory disturbances, it is important to know how the metabolic processes of the phospholipid responsible for pulmonary surfactant function are regulated in the lung. However, only limited information is available on the regulation of dipalmitoyl phosphatidylcholine metabolism in the lung, particularly with regard to dietary regulation (13, 14) . Therefore, the present study was planned to elucidate the influences of essential fatty acid deficiency on the structure and metabolism of lung disaturated phosphatidylcholine. 
Summary
The influences of early changes in essential fatty acid deficiency on the structure and metabolism of lung phosphatidylcholine were studied. In addition to general characteristics observed due to essential fatty acid deficiency such as significant decreases in linoleate and arachidonate, and concomitant increases in oleate and eicosatrienoate, a pronounced decrease in palmitate was noted in lung phosphatidylcholine, particularly in the 2-position. The decrease of palmitate in lung phosphatidylcholine was due to a similar decrease in disaturated classes, particularly in the dipalmitoyl species. These structural changes in phosphatidylcholine were found to be more significant in alveolar wash than in lung parenchyma and lamellar body fractions. The specific activities of phosphatidylcholine and its disaturated classes in lung parenchyma and alveolar wash were significantly lower in the deficient state than in the controls at 2, 6, and 12hr after the injection of [9,10-3H] palmitate. However, relatively more of the phosphatidylcholine in the deficient state appeared in the alveolar space, disappearing more rapidly from the alveolar space than did the phosphatidylcholine in the controls. These results suggest that dietary linoleate may be a factor in regulating the amount of disaturated phosphatidylcholine in the lung, a principal component of lung surfactant, and also a factor in controlling the metabolism of alveolar phosphatidylcholine. Keywords essential fatty acid deficiency, phospholipid, lung, dipalmi toyllecithin Essential fatty acid deficiency produces significant changes in the fatty acid moiety of lipids, i.e., an increase in oleate and eicosatrienoate, and a decrease in 293 linoleate and arachidonate (1) . These qualitative changes in lipids may produce some changes in the physicochemical properties of the membranes (2) and metabolic changes in various tissues (2, (3) (4) (5) (6) (7) (8) (9) . In the liver, deficient rats have an increased capacity for phospholipid (5) (6) (7) and fatty acid synthesis (3, 4) . Structural changes in lung phosphatidylcholine due to essential fatty acid deficiency were first noticed by Kyriakides et al. (10) , who reported that, in addition to the general characteristics of fatty acid patterns commonly observed in the tissues of essential fatty acid-deficient animals, there is a significant decrease in the palmitate content of lung lavage phosphatidylcholine due to a significant decrease in disaturated phosphatidylcholine. They suggested that this decrease in disaturated phospha tidylcholine in the lung is mainly due to a significant decrease in the rate of se cretion and turnover of lung lavage phosphatidylcholine (11) . It is well known that dipalmitoyl phosphatidylcholine is a principal component of lung surfactant (12) . Since a significant decrease of dipalmitoyl phosphatidylcholine in the alveolar space brings about a decrease in surface activity and finally, severe respiratory disturbances, it is important to know how the metabolic processes of the phospholipid responsible for pulmonary surfactant function are regulated in the lung. However, only limited information is available on the regulation of dipalmitoyl phosphatidylcholine metabolism in the lung, particularly with regard to dietary regulation (13, 14) . Therefore, the present study was planned to elucidate the influences of essential fatty acid deficiency on the structure and metabolism of lung disaturated phosphatidylcholine. 
RESULTS

Diet and animals
The essential fatty acid-deficient diet used in the present study contained very small amounts (0.015%) of linoleate. This seemed to be mainly derived from casein in the deficient diet, which had not been defatted. Only slight differences were observed in animal weight between control and experimental animals. Rats fed an essential fatty acid-deficient diet for 4 months showed body weights about 86% that of control rats. Accordingly, early changes in essential fatty acid deficiency were studied in this work. Typical deficiency symptoms such as skin scaliness, fatty liver, and kidney stones were observed in the deficient rats. The constituents of phosphatidylcholine, which is a main component of membrane systems, were not quantitatively changed in various tissues such as liver, kidney, intestine, heart, brain, aorta, erythrocyte, and plasma (Table 2 ). However, significant structural changes were found in the phosphatidylcholine molecules of various tissues. Table 3 shows the results of the fatty acid analysis of phosphatidylcholine from liver, kidney, intestine, heart, brain, aorta, erythrocyte, and plasma in both diet groups. In the essential fatty acid-deficient group, phosphatidylcholines in the tissues examined except for the brain, in general contained higher percentages of oleate and eicosatrienoate, while the content of linoleate and arachidonate was reduced as compared to the controls. When the deficient rats were fed the diet containing linoleate for seven days (EFAD-7), the fatty acid profiles of phosphatidylcholine returned to control values. These qualitative changes in the fatty acid moiety of phosphatidylcholines due to essential fatty acid deficiency were observed in all tissues examined except for the brain.
However, it was noted that there were significant tissue variations in appearances of essential fatty acid deficiency and in its correction to control values. Brain phosphatidylcholine was unaffected by essential fatty acid deficiency. The KAWAMOTO, and T. AKINO degree of linoleate decrease due to essential fatty acid deficiency was highly significant in intestine (92% decrease), but it generally decreased by 55-72% in tissues other than brain. In contrast to this predominant decrease in linoleate, the degree of arachidonate decrease was not quite so susceptible, particularly in kidney and erythrocyte where arachidonate contents were not significantly altered by essential fatty acid deficiency. When the deficient rats were fed the diet containing linoleate for 7 days, the return to control values was more susceptible in arachidonate than linoleate. These changes in the fatty acid moiety of phospha tidylcholine in the deficient animals were not the typical changes in the essential fatty acid-deficient state as reported previously (1, 2) . Since the diet used in this work was not a completely deficient one as mentioned above, the changes observed in this study seem to represent early changes in the deficient state. The present results also indicate that there is a strong tendency to retain arachidonate in the phosphatidylcholine molecule as a main lipid component of membrane, particularly in kidney and erythrocyte.
Structural changes in lung phosphatidylcholines
Essential fatty acid deficiency did not affect the content of DNA and phospholipid in the lung tissue, but slight decreases of protein content were noted in the deficient lung (data not shown). These results indicate that essential fatty acid deficiency does not cause significant changes in phospholipid content in relation to lung cell number or size. The phosphatidylcholine content was also unchanged in the three fractions from rat lung, in which a part of phosphatidyl choline acts as a pulmonary surfactant. In addition to the common changes in fatty acid profiles of phosphatidylcholine, i.e., the elevation of oleate and eicosatrienoate and the decrease of linoleate and arachidonate, a significant decrease in palmitate was observed in the lung phosphatidylcholine. As seen in Table 4 , the percentages of palmitate in phosphatidylcholine decreased in the parenchyma, lamellar body fraction, and alveolar wash from the lung of rats fed an essential fatty acid deficient diet, this mainly being due to the decrease in the 2-position. This decrease of palmitate content was slightly more significant in alveolar wash than in the other two fractions. Table 5 shows that the composition of the molecular classes of phosphatidyl choline in the three fractions from the lung was qualitatively very different between control and essential fatty acid-deficient rats. In reflecting on their fatty acid profiles, phosphatidylcholine in the lung parenchyma, lamellar body fraction, and alveolar wash from the deficient rats contained only negligible percentages of saturated-dienoic classes, and considerable decreases in polyenoic classes. In contrast, the percentages of monoenoic classes significantly increased in the deficient rats, i.e., a 96.4% increase in lung parenchyma, 96.9% in the lamellar body fraction, and 91.6% in alveolar wash were observed compared with the controls. Noteworthy is the fact that the saturated classes of phosphatidylcholine in essential fatty acid-deficient rats were significantly reduced in lung parenchyma, the lamellar body fraction and alveolar wash by 19.0, 24,1, and 32.1%, respectively. The decrease in saturated phosphatidylcholine content due to essential fatty acid deficiency among the three fractions from the lung was most significant in alveolar wash. The composition of individual molecular species in the saturated classes, such as those of myristoyl-palmitoyl, dipalmitoyl, and palmitoyl-stearoyl, was very similar in the three fractions from the lungs of control and essential fatty acid deficient rats. The predominant molecular species of saturated classes was dipalmitoyl.
AKAMURA, T. KAWAMOTO, and T. AKINO Table 5 . In vivo studies of lung phosphatidylcholine metabolism As mentioned above, dipalmitoyl phosphatidylcholine, a principal component of lung surfactant, is apparently reduced by essential fatty acid deficiency in lung parenchyma, lamellar body fraction and alveolar wash. It is, therefore, likely that the metabolism of dipalmitoyl phosphatidylcholine in the lung may be affected by essential fatty acid deficiency. With regard to the effects of essential fatty acid deficiency on lung phosphatidylcholine metabolism, the two following possibilities may be considered. First, the essential fatty acid deficiency may directly affect phosphatidylcholine metabolism in lung parenchyma. Second, the deficiency may affect the metabolism of alveolar phosphatidylcholine, i.e., the secretion from lung tissue into the alveolar space and the disappearance from the alveolar space. We, therefore, examined these two possibilities in the deficient lungs. Figure 1 shows the time-course of the change of the specific activities of phosphatidylcholine and disaturated phosphatidylcholine in the lung of control and essential fatty acid-deficient rats after the intrafemoral injection of [9,10 3H]palmitate . In both control and essential fatty acid-deficient rats, the specific activities of phosphatidylcholine and disaturated phosphatidylcholines decreased as the experiments proceeded. In contrast, those in alveolar wash gradually increased up to 6hr after injection and then decreased. It was noted during the experimental periods that the specific activities of phosphatidylcholine and disaturated phosphatidylcholine in lung parenchyma and alveolar wash were significantly lower in the essential fatty acid-deficient state than those in controls. The specific activities of phosphatidylcholine and disaturated phosphatidylcholine in the lung parenchyma of the deficient state were 44-51% of those of the controls. Similarly, those in alveolar wash were 56-73% of the controls. These results may indicate that reactivity utilizing palmitate for disaturated phosphatidylcholine synthesis may be reduced or that the uptake of palmitate by lung tissue may be reduced in the deficient lung. In order to compare the rate of appearance of phosphatidylcholine or disaturated phosphatidylcholine in the alveolar space between control and essential fatty acid-deficient rats, the specific activities of alveolar phosphatidylcholines relative to the extrapolated maximal specific activity achieved in the lung parenchyma at zero time (Y intercept in Fig. 1 ) were plotted in Fig. 2 , according to the description of Jobe (33) . It was noted that relatively more phosphatidylcholine with essential fatty acid deficiency entered the alveolar space than in the controls, and that alveolar phosphatidylcholine in the deficient state disappeared more rapidly from the alveolar space than from the control lung. This tendency also holds for disaturated phosphatidylcholine. These results indicate that the metabolism of phosphatidylcholine and disaturated phosphatidylcholine in the alveolar space, i.e., the secretion into the alveolar space and the disappearance from the alveolar space, may be accelerated by essential fatty acid deficiency. Vol. 26, No. 3, 1980 
DISCUSSION
The state of essential fatty acid deficiency produces some structural and metabolic changes in various tissues (1, 2) . In the liver, it produces significant changes in the fatty acid moiety of lipids, i.e., an increase in oleate and eicosatrienoate, and a decrease in linoleate and arachidonate (1, 2, 34) . The deficient liver has an increased concentration of triacylglycerol and phospholipids (1, 2, 35) and an increased capacity for fatty acid synthesis (3, 4) .
Changes in surfactant function and the phosphatidylcholine metabolism of the lung due to essential fatty acid deficiency have been noticed by Kyriakides et al. (10) , who reported that essential fatty acid deficiency results in a significant decrease in disaturated phosphatidylcholine in lung parenchyma and lung lavage fluid, as the result of which, essential fatty acid deficiency increases lungstiffness, Vol. 26, No. 3, 1980 apparently due to changes in the surface-active properties of lung surfactant (36) . They also suggested that essential fatty acid deficiency reduces the rate of secretion and turnover of lung lavage phosphatidylcholine, since the specific activity of lung lavage phosphatidylcholine in essential fatty acid-deficient rats after injection of [3H]glycerol was almost half of that in the control rats and the quantity of lung lavage phosphatidylcholine recovered in both groups was similar (11) .
The present study demonstrated that, even if in the early stage of essential fatty acid deficiency, disaturated phosphatidylcholine levels significantly decreased in lung parenchyma, lamellar bodies, and the alveolar space. Namely, it was shown that the amount of disaturated phosphatidylcholine responds sensitively to this kind of nutritional disturbance. The present study also demonstrated that the decrease in disaturated phosphatidylcholine levels due to essential fatty acid deficiency was most significant in the alveolar space, though it was also found in lung parenchyma. These results may indicate that essential fatty acid deficiency affects the metabolism of alveolar phosphatidylcholine and also that it directly affects phosphatidylcholine metabolism in lung parenchyma. The direct influence of essential fatty acid deficiency on phosphatidylcholine metabolism in lung parenchyma is now being studied in our laboratory.
There are several reasons possible for the decreased amount of alveolar disaturated phosphatidylcholine in the essential fatty acid-deficient rats. First, the rate of secretion of disaturated phosphatidylcholine may have been decreased. Second, there might have been an increased rate of utilization of the alveolar disaturated phosphatidylcholine which the synthetic and secretory processes were unable to meet. The present results showed that the decrease of disaturated phosphatidylcholine due to essential fatty acid deficiency appears more often in the alveolar space than in lung parenchyma, which is consistent with the results of Kyriakides et al. (10) . Alternatively, it was noted that there is a considerable increase in the turnover of phosphatidylcholine and release into the alveolar space of essential fatty acid-deficient rats. These facts suggest that the decrease in alveolar disaturated phosphatidylcholine due to essential fatty acid deficiency may not be due to the decreased secretion of disaturated phosphatidylcholine, but may result from the decreased synthesis of disaturated phosphatidylcholine in the lung parenchyma. Accordingly, the turnover of alveolar lining film may be increased by essential fatty acid deficiency, probably in order to supply more disaturated phosphatidylcholine into the alveolar space from parenchymal disaturated phosphatidylcholine with a slow turnover.
Clements (37) indicated that prostaglandin E2 may have an action stimulating surfactant release into the alveolar space. On the other hand, since arachidonate, an essential fatty acid, is a precursor of prostaglandin E2, it has been proposed that the physiological or biochemical events that occur in essential fatty acid-deficient animals are related to prostaglandin deficiency (9) . However, since the secretion of disaturated phosphatidylcholine into the alveolar space is accelerated in the essential fatty acid-deficient state, the secretion seems to occur without relation to the action of prostaglandin, at least under these experimental conditions .
